To probe structural changes that occur when a membrane protein is transferred from lipid bilayers to SDS micelles, a fragment of bacteriorhodopsin containing transmembrane helical segments A and B was studied by fluorescence spectroscopy, molecular dynamics (MD) simulation, and stopped flow kinetics. In lipid bilayers, Förster resonance energy transfer (FRET) was observed between tyrosine 57 on helix B and tryptophans 10 and 12 on helix A.
Introduction
Most integral membrane proteins contain membrane-spanning α-helices. However, the forces involved in assembling these proteins in lipid bilayers are not well understood.
Techniques of reversible unfolding have revealed how water-soluble proteins fold into stable, biologically active structures in aqueous solution, but these techniques are not applicable to helical transmembrane proteins. In various attempts to study the mechanism of membrane protein unfolding, a number of experiments have been reported on the transfer of transmembrane proteins from lipid environments into sodium docecyl sulfate (SDS) detergent micelles [1, 2] .
The premise of these experiments was that SDS causes significant unfolding of helical membrane proteins. However, the structures of membrane proteins in SDS are mostly unknown.
MacKenzie et al. [3] used NMR spectroscopy to determine the structure of the glycophorin dimer in SDS. Their results show that glycophorin has intact α-helices and extensive inter-helix side chain interactions in SDS. Recent studies of synthetic peptides in micelles have reached opposite conclusions about the effect of SDS on helix-helix interactions [4, 5] . Many spectroscopic changes have been observed when integral membrane proteins are transferred into SDS micelles. These changes have been variously interpreted as to the extent of unfolding [6] [7] [8] [9] [10] [11] . Förster resonance energy transfer (FRET) can give information about proximity between fluorescent groups and near-by chromophores, and a number of studies of integral membrane protein structures have measured distances using FRET (for example [12] [13] [14] [15] [16] ). To properly apply FRET, the energy donor-acceptor stoichiometries must be matched, but this is often experimentally challenging. One way to avoid this problem, as shown by Eisenhawer et al. [17] , is to use tyrosine to tryptophan FRET. Since the donors and acceptors are naturally-occurring parts of the structure, no protein modification is necessary. In the following report, we have used tyrosine to tryptophan FRET, along with molecular dynamics simulations and stopped flow kinetics, to examine the conformation of a two-helix fragment of bacteriorhodopsin in lipid bilayers and in SDS micelles.
Materials and methods

Materials.
Purple membrane was obtained from Halobacterium salinarum S9, as previously described [18] . The 1-71 fragment of bacteriohrodposin, known as C-2 [19] or AB [20] , was obtained by chymotrypsin cleavage of purple membrane, followed by gel permeation chromatography [15, 19, 21] . The AB fragment was stored in methanol:chloroform 1:1 containing 0.1 M ammonium acetate in glass vials sealed with teflon-lined caps at -20 o C.
Chloroform solutions of lipids were obtained from Avanti Polar Lipids, Inc (Alabaster, AL) and stored under argon after opening. Small unilamellar vesicles were prepared as described by Batzri and Korn [22] . Peptides corresponding to the A helix (residues 1-36) and the B helix (residues 38-71) were synthesized by Bio-Synthesis, Inc. (Lewisville, TX) using FMOC chemistry. The peptides were purified by HPLC and the sequences were confirmed by MALDI-TOF mass spectrometry.
Spectroscopy.
Steady-state fluorescence spectra were measured on a Photon Technology International, 
Förster resonance energy transfer.
Tyrosine to tryptophan FRET was measured by the method of Eisinger [23] . Relative quantum yields for tryptophan, Q o , were measured by comparing fluorescence at 355 nm from excitation at 280 nm and 295 nm, with the fluorescence normalized to constant absorbance.
Fractional absorbances of tryptophan and tyrosine, f w and f y , were calculated from published extinction coefficients [24, 25] . The transfer efficiency, E, was calculated from:
For comparison, E was calculated from the atomic coordinates of the AB fragment, either from the crystal structure (Protein Data Bank file 1C3W [26] ), or from molecular dynamics simulations (see below), using:
where R is the distance between the energy donor and acceptor and R o is the Förster critical distance:
For the purposes of this calculation, the fluorescence quantum yield of tyrosine Q D was assumed to be 0.14 [23] , the spectral overlap of tyrosine emission and tryptophan absorbance, J, was assumed to be 4.8 × 10 12 cm 3 M -1 nm 4 [27] , and the index of refraction of the medium, n, was taken to be 1.33. We calculated the dipole orientation factor, κ 2 , from the atomic coordinates of the AB fragment.
Molecular dynamics simulations.
The AB fragment was inserted into an SDS micelle consisting of 55 SDS molecules. The starting atomic coordinates for the AB fragment were obtained from the bacteriorhodopsin crystal structure [26] , and the starting coordinates for the SDS micelle were obtained from Braun et al. [28] . The AB-SDS complex was explicitly solvated with 11,311 TIP3 waters. Ions (80 sodium and 26 chloride) were added to electrically neutralize the system. The whole system consisted of 37,407 atoms. All simulations of this work were performed using NAMD 2.6. [29] .
The periodic boundary conditions were employed. The pressure and the temperature were maintained at 1 bar and 300 K respectively. The Langevin damping coefficient was chosen to be 5/ps. The particle-mesh Ewald method was utilized to compute electrostatic interactions. A time step of 1 fs was used for short-range interactions and 4 fs for long-range forces. Covalent bonds of hydrogens were fixed to their equilibrium length. The all-atom CHARMM27 [30, 31] force field was adopted. Equilibrium Langevin dynamics was run for 6 ns. The RMSD of the AB backbone (excluding the two termini) was analyzed to elucidate any structural changes during the 6 ns period of in silico experiments. Similar in silico experiments for 6 ns were implemented for the BR-POPC system. The system consists of AB fragment embedded in a POPC bilayer of 260 POPC molecules.
Results and discussion
Tyrosine to tryptophan Förster resonance energy transfer in bacteriorhodopsin AB
fragment.
The crystal structure of bacteriorhodopsin ( The steady-state method described by Eisenhawer et al. [17] can detect Tyr to Trp FRET.
This method compares emission spectra using 280 nm excitation and emission spectra under the same conditions using 295 nm excitation. The 295 nm spectra are scaled using emission data above 360 nm (where no Tyr emission is expected). Tyrosine-to-tryptophan energy transfer efficiencies were calculated from equation (1) and from the spectra in Figs. 2 and 3 . The results are given in Table 2 . The transfer efficiency in DOPC, 0.89 (Table 2) , is substantially greater than expected from the maximum E calculated from the crystal structure coordinates, 0.60 (Table 1 ). This could be due to a difference between the structure of helices A and B in crystals of intact bacteriorhodopsin compared with the structure of the isolated two-helix AB peptide in DOPC bilayers. When the AB peptide is in SDS peptide A is about the same in DOPC bilayers and SDS micelles (Table 2 ). However, the magnitudes are substantially higher than what is expected from Tyr 26 (Table 1) , the only tyrosine in peptide A, again raising a question about whether the structures in bilayers and micelles are different from the crystal structure.
MD Simulation.
In order to determine whether the crystal structure coordinates of bacteriorohdopsin are relevant for peptide AB in DOPC and SDS, we computationally modeled the structure of peptide AB in lipid bilayers and in SDS micelles. The conformation of the AB fragment in the crystal structure of bacteriorhodopsin ( Tables 1 &   3) . We found larger differences in the dipole orientation factors, due to molecular motion. The range of orientation factors was calculated for a sample of frames from the simulations, and the resulting Förster distances (R o ) and energy transfer efficiencies (E) are shown in Table 3 . In order to compare the measured and calculated transfer efficiencies, the individual tyrosine quantum yields must be known. It is possible that some of the tyrosines are quenched by interactions with near-by polar groups [33] . For example, in the bilayer structure of AB, Tyr 43
is hydrogen-bonded to Lys 30, so it is unlikely to emit. Even if Tyr 57 is the only fluorescent
Tyr of AB in DOPC, it is clear from the predicted individual transfer efficiencies ( Table 3 ) that the measured energy transfer is higher than expected. The higher transfer efficiency in DOPC could be explained by an unusually high quantum yield for Tyr 57 and unusually low quantum yields for the other Tyr groups. The results could also be explained by antiparallel dimerization of peptide AB, which was previously observed in dimyristoylphosphatidylcholine bicelles [15] .
In an antiparallel dimer, Tyr 26 and 43 would be close to Trp 10 and 12 on the opposite protomer, and thus the transfer efficiency would be higher than in a monomer. For peptide A in SDS, the transfer efficiency calculated for Tyr 26 based on MD simulation (Table 3) is closer to the measured result (Table 2 ) than the transfer efficiency calculated from the crystal structure (Table 1) . However, the MD-calculated transfer efficiencies for peptide AB in SDS are even higher than for the crystal structure, and the discrepancy with the measured result is even larger.
Tryptophan and tyrosine lifetimes.
The (Fig. 4D) is exclusively from tyrosine, and no energy transfer to tryptophan is possible. Two broad groups of lifetimes are observed: a large amplitude group at about 4.5 ns, and a smaller amplitude group at about 2.5 ns. This distribution of lifetimes is similar to curve 5 in Fig. 4B , which is the small difference between the Gaussian curves representing the tyrptophan lifetimes (Fig. 4B, curve 4 ) and the observed lifetime distribution (Fig. 4B, curve 5 ). This result provides some insight into the unexpectedly large amount of tyrosine-to-tryptophan FRET observed ( Fig. 2A , Table 2 of peptide AB from a bilayer environment to SDS micelles was previously shown to cause a decrease in the protein absorbance [25] and also a decrease in the fluorescence quantum yield [34] . The fluorescence lifetime differences between DOPC bilayers and SDS micelles ( 
Tyrosine environments.
The results in Fig. 4 do not explain why so little tyrosine-to-tryptophan FRET is observed in SDS micelles. We looked closely at the tyrosine environments in the MD simulations and found that in lipid bilayers, Tyr 57 is surrounded by hydrocarbon chains from the lipids (Fig. 5A ). By contrast, in SDS the phenolic OH of Tyr 57 is tightly hydrogen-bonded to water molecules as part of a hydrogen-bonded chain (Fig. 5B) . Therefore, the most likely explanation of the low FRET in SDS is that Tyr 57 is quenched by a chemical interaction with water.
Tryptophan environments.
The fluorescence lifetime differences between DOPC bilayers and SDS micelles ( Therefore, the quantum yield changes we observe in peptide AB are most likely due to changes the SDS environment, rather than protein conformational changes.
Conclusions
In conclusion, we find from MD simulation no evidence for SDS-induced separation of This study highlights a limitation of FRET. When only one type of donor-acceptor pair is used to probe a structural change, environmental effects could be misinterpreted as changes in proximity. A recent report on the effects of SDS on helix-helix intereactions of transmembrane peptides may be an example of this problem [5] . FRET was measured between a fluorescein donor and a tetramethylrhodamine acceptor on dimers of glycophorin transmembrane helices in dodecyl maltoside micelles. With increasing amounts of added SDS, the observed level of FRET declined, which was interpreted as evidence for SDS-induced helix separation. However, the observed change might be an environmental effect caused by the increased surface charge density in the mixed micelles containing higher mole fractions of negatively charged SDS. Both the FRET donor and acceptor are known to be sensitive to environmental effects. The quantum yield of fluorescein decreases dramatically below pH 7 [36] , and tetramethylrhodamine selfquenches by dimerization [37] . In studies of structural differences induced by environmental changes, it would be a good practice to corroborate FRET changes either by using several donoracceptor pairs having different chemical properties, or by measuring additional physical properties.
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